Abstract-Optical fiber strain sensors, in particular, the fiber Bragg grating (FBG) type, are widely applied in different applications. The most common installation method is surfaceattached. In principle, the optical fiber strain sensor with adequate sampling and signal processing techniques is usually more accurate than electrical resistive strain gauge. However, the strain of the surface of structure may not transfer to the sensing element perfectly. The ratio between the measured and actual strain can be correlated by a strain transfer factor (STF). However, it depends on the material and geometrical properties of the optical fiber and adhesive. It is noneconomical and impractical to measure the STF for every installed sensor. It is desirable to identify the most of the sensitive parameters on the variation of the STF so that the quality control and assurance procedure can be performed more efficiently. In this paper, a quantitative global sensitivity analysis, called extended Fourier amplitude sensitivity test will be performed to compute the first-order and total sensitivity indexes based on a wellestablished semi-analytical/empirical mechanical model of three material and five geometrical parameters of both integral and optical FBG type optical fiber strain sensor with two different kinds of polymeric coating under three types of strain field in 16 different configurations. From the detail analysis, the most of the sensitive parameters on the STF are bond length, the thickness of adhesive beneath the optical fiber and the deviation of grating position, which are related to workmanship instead of the material properties of the optical fiber and adhesive.
same source. The most popular point type sensor is optical fiber Bragg grating (OFBG) strain sensor [5] , [6] . There are many methods available to interrogate the Bragg wavelength from OFBG sensors [6] , [7] . The most common applications of optical fiber strain sensor are to measure strain for structural health monitoring/evaluation [8] [9] [10] , damage detection of fiber reinforced polymeric composites [11] [12] [13] , fatigue crack monitoring [14] as well as many experimental works in structural and material engineering [15] , [16] . In addition, OFBG strain sensors are used as the major sensing component for monitoring different physical (force, acceleration, pressure, displacement, temperature, humidity) and chemical (pH, chemical concentration) quantities [17] [18] [19] .
Optical fiber strain sensors are commonly attached on the surface of structure similar to resistive strain gauges [20] , [21] . In principle, with adequate sampling and signal processing techniques, the accuracy of optical fiber strain sensor is better than electrical counterparts. However, from the previous studies [22] [23] [24] [25] [26] [27] , the mechanical strain transfer from the surface of structure to the sensing element of optical fiber strain sensor (the core or grating of the optical fiber) may not be perfect. The effectiveness of strain transfer depends on bond length, sensor position, the material and geometrical properties of the optical fiber as well as the adhesive. In practice, all influential factors are incorporated by a single calibration factor. To improve the reliability, reproducibility and repeatability of surface attached optical fiber strain sensor, the most sensitive parameter(s) on calibration factor should be identified and quantified, hence, the sensor fabrication and installation techniques can be optimized in order to minimize the uncertainties efficiently.
From the previous studies [26] [27] [28] , only local sensitivity analysis was performed. They could not provide quantitative correlation on the calibration factor among those parameters. In this paper, a computationally efficient algorithm is used to quantitatively compute the global sensitivity indexes on the calibration factor from different material and geometrical parameters under different types of strain field. The effects on the strain measurement variation by the uncertainties of optical properties as well as different sampling and peak evaluation techniques will not be in the scope of this paper. Section II briefly reviews the mechanical strain transfer model of surface attached optical fiber strain sensor and the quantitative global sensitivity analysis algorithm called extended Fourier Amplitude Sensitivity Test (eFAST). Section III describes the cases in this study with different fiber coating materials, geometries, strain fields and sensor types. Section IV discusses the results of the sensitivity analysis. The important insights from this study will be summarized in Section V.
II. SUMMARY OF THE MECHANICAL MODEL AND GLOBAL SENSITIVITY ANALYSIS
In this section, the mechanical model of surface attached optical fiber strain sensor and the extended Fourier Amplitude Sensitivity Test are briefly reviewed for completeness.
A. Mechanical Model of Surface Attached Optical Fiber Strain Sensor
Typical cross-section of a surface attached optical fiber strain sensor is shown in Fig. 1 . The core and cladding are both made of silica. They possess similar mechanical properties but different in optical properties. In later part of this paper, they are referred collectively as silica core.
The mechanical strain transfer from the surface of structure to the silica core is approximated by an axisymmetric shear lag model [29] . The model assumes (i) all materials are linearly elastic, (ii) all material properties are isotropic and homogeneous, (iii) no debonding at all interfaces, (iv) the silica core carries pure axial stress except at the interface with the polymeric coating, (v) the polymeric coating and adhesive are deformed by shearing and do not carry any axial stress and (vi) the stress distribution is axisymmetric. From these assumptions, the shear stress at any point can be related to the shear stress at the silica core/coating interface.
By considering the force equilibrium of the silica core from the free-body diagram in Fig. 2 and the shear lag model in the polymeric coating and adhesive layer, the relationship between the mechanical strain of the silica core (ε f ) and the strain of the surface of structure (ε s ) is given by Equation 1 [26] .
where α 0 is referred as shear lag characteristic, which incorporates all the material and geometrical properties of the optical fiber and adhesive layer. It is given by Equation 2.
where r f and E f are the radius and elastic modulus of silica core, respectively, and k relates the shear modulus and geometrical properties of the polymeric coating and adhesive layer and it is given in Equation 3 .
where r c and r a are the radii of coating and adhesive, respectively and G c and G a are the shear moduli of coating and adhesive, respectively. The radius of the adhesive layer in the axisymmetric model is equal to ( r c + t ) 2 + r 2 c where r c is the radius of polymeric coating of the optical fiber and t is the thickness of adhesive beneath the optical fiber. The constants of the general solution of Equation 1 can be determined by specifying the boundary conditions that there is no mechanical strain at both ends of the bonded section of the optical fiber,
It was found that the solution of Equation 1 deviates from the results of experiments and finite element model when shear lag characteristic is larger than 0.4 (the units of length and modulus are in mm and N/mm 2 , respectively) [26] . The reason is that the assumptions (v) and (vi) may not be valid when the axial stiffness of the adhesive is non-negligible compared to the silica core. To preserve the elegant form of the mechanical model, [26] suggested modifying the shear lag characteristic semi-empirically by Equation 4 .
where the values A and B are determined by the thickness of adhesive layer underneath the optical fiber (t in mm) and they are given in Equation 5 .
Hence, the shear lag characteristic α 0 in Equation 1 is replaced by the effective shear lag characteristic α.
For OFBG strain sensor, the gauge length (grating) L g is shorter than the bond length (L). The grating may be located at z from the midpoint of the bonded section (Fig. 3) . For integral strain sensor (such as interferometer), the gauge length is equal to the bond length and z = 0. The calibration factor or more precisely the strain transfer fraction β can be computed by Equation 6 , where ε f (z) can be obtained by solving Equation 1 with given strain of the surface of structure ε s (z) and appropriate boundary conditions.
B. Global Sensitivity Analysis -Extended Fourier Amplitude Sensitivity Test
Sensitivity analysis (SA) is a tool to investigate how the model output depends on the input factors. In practice, there are two different schools of philosophy can be identified, local SA [30] and global SA [31] [32] [33] . For the first one, the local response of the output is investigated by varying one of the input factors while holding the others unchanged at their central (nominal) values. This involves partial derivative with possibly normalisation by the nominal value of the factor or by its standard deviation. The school of global SA tries to explore the domain of the input factors globally within a finite region and examines the variation of the model output by all factors collectively. The classical method is Monte Carlo simulation. However, it explores the domain randomly and hence, the computational efficiency is low. The more efficient methods of global SA are Fourier amplitude sensitivity test (FAST) [34] , [35] and its modified version extended FAST (eFAST) [36] that explore the multidimensional space spanned by the input factors from a suitably defined search-curve. It can compute both the first-order and total sensitivity indexes efficiently. The total sensitivity index of the i-th factor S T i is defined as the sum of all sensitivity indexes in all order involving factor i [32] . For example, for a model with three input factors, the total sensitivity index of the second factor on the output variance S T 2 is given by Equation 7 .
where S 2 is the first-order sensitivity index for the second factor, S 2 j is the second-order sensitivity index for the coupled effects by factor 2 and j ( j = 2) and S 123 is the third-order sensitivity index. The principle of eFAST is that each parameter oscillates with different frequencies ω i . While the value of each input factor (X i ) is normalized to a range between 0 and 1 (x i ) and then parameterized by a real number s. Equation 8 shows a set of searching curves oscillating between 0 and 1 with s.
where ϕ i is a random phase-shift of the i-th factor chosen uniformly in [0, 2π). Consider a model y = f (x(s)) where y is the model output and x is the vector of the normalized input factors, it can be transformed to y = g(s), which can be expanded in a Fourier series as in Equation 9 and the Fourier coefficients (c k ) can be computed by Equation 10 or numerically by fast Fourier transform algorithm.
To compute the first-order sensitivity index of the i-th factor (S i ), the set of oscillating frequencies is chosen to be linearly independent integers. The oscillating frequencies used in this study for computing the first-order sensitivity indexes are shown in the first row of Table I . Fig. 4 shows the frequency spectrum for computing the first-order sensitivity indexes of one of the cases of the sensitivity analysis in the following section. The Fourier coefficients (c k ) are then used to estimate the total variance (D) and the variance of the i-th factor (D i ) of the model output in Equation 11 and 12, respectively. S i can then be computed from Equation 13 . The accuracy of the estimation can be improved by resampling scheme by choosing N r different sets of random phase-shift (ϕ i1 , ϕ i2 , · · · , ϕ i Nr ) and then different sets of searching curves can be generated. In the re-sampling scheme, the minimum sample size N s is given by Equation 14 .
where ω max is the maximum oscillating frequency of all input factors and M is an integer ≥2. In this study, M and N r are both set at 4. D and D i are computed independently over each of the random searching curves and their arithmetic means are calculated for the estimation of S i in Equation 13 .
To calculate the total sensitivity index of the i-th factor (S T i ), ω i is set at several times higher than all other factors. To save the computational effort, D (−i) in Equation 15 is computed and it represents the variation of all factors except the i-th factor. The set of oscillating frequencies adopted in this study and an example of frequency spectrum for total sensitivity indexes computation of the i-th factor are given in the second row of Table I . Unlike the first-order sensitivity indexes, which can be computed efficiently by a single set of oscillating frequencies, the total sensitivity indexes must be computed one by one.
III. DETAILS OF THE CASES FOR SENSITIVITY ANALYSIS
In this section, the details of the sixteen cases for sensitivity analysis in Table II will be discussed. They are the combinations of four categories. The first is fiber coating types. There are two common coating materials, acrylate and polyimide, for optical fiber with silica core. The second is bond length. When there is enough space for sensor installation, the bond length is usually at least 30 mm to allow sufficient strain transfer. When the strain sensor is used as the sensing component which transforms other quantity into strain, due to the space limitation in some situations for sensor miniature and geometrical constraints [10] , the bond length may be only 15 mm or even shorter. Hence, two different bond lengths 15 mm and 30 mm, are considered. The third category is strain field type. Three different types of strain field are considered. They are (i) uniform, (ii) quadratic and (iii) reciprocal strain fields, which will be further discussed in later part of this section. The last category is the sensor type, integral or grating. For integral sensor, such as interferometer, it measures the integral length change of the whole gauge length and z = 0. For grating type, the strain sensitive region is only the grating part that may deviate from the midpoint of the bond length by z .
A. Material and Geometrical Properties
Eight material and geometrical related parameters of the optical fiber as well as adhesive will be considered. They are (i) radius of silica core (r f ), (ii) radius of coating (r c ), (iii) thickness of adhesive beneath the optical fiber (t), (iv) elastic modulus of silica core (E f ), (v) shear modulus of coating (G c ), (vi) shear modulus of adhesive (G a ), (vii) bond length (L) and (viii) deviation of the center of the grating from the midpoint of the bond length ( z ) for OFBG strain sensor (see Figs. 1 and 3) . Table III shows the ranges of those parameters in the global sensitivity analysis. The properties of silica core is referred to SMF28, which is one of the most popularly used optical fiber for strain sensor. The shear modulus of adhesive is referred to cyanoacrylate type while its thickness covers the range of common practical installation methods.
B. Uniform and Nonuniform Strain Field
Based on interrogation techniques, OFBG strain sensor can measure non-uniform strain field [13] , [37] . However, no matter how sophisticated and accurate interrogation techniques are used to recover non-uniform strain field along the grating from the reflective spectrum, it is impossible to recover the strain field of the surface of structure if the sensitive parameters of mechanical strain transfer are not well controlled. In this study, the mechanical strain transfer of three different types of strain field are considered. They are uniform, quadratic and reciprocal.
1) Uniform Strain Field:
When the bond length is small compare with the structure and the strain gradient is negligible along the bond length, the strain field can be considered as uniform and assumed to be constant (ε s (z) = ε s ). The general solution of Equation 1 under uniform strain field is given by Equation 17 .
2) Quadratic Strain Field: When the strain sensor is attached on the bottom surface of a simply-supported beam under uniformly distributed load and the bond length is comparable with the span, the strain field is quadratic and the strain distribution can be generally represented by ε s (z) = c 1 z 2 + c 2 z + c 3 , where c 1 , c 2 and c 3 are constants. The solution of Equation 1 under quadratic strain field is given by Equation 18 .
3) Reciprocal Strain Field: When the strain sensor locates near a circular hole or a crack tip, the strain field is reciprocal. The strain field is highly nonlinear near stress concentration region. In Fig. 6 , a circular hole is at the centroid of a thin homogeneous plate that the thickness is small enough so that the plane stress assumption is valid. Assume the radius of the hole is small compared with the width of the rectangular plate and take the origin at the center of the circular hole, the stress state in polar coordinates can be solved analytically as in Equation 19 . The stresses in polar coordinates can be transformed to rectangular coordinates by Equation 20 . When the optical fiber strain sensor is attached on the plate along the longitudinal direction and with distance b from the center of the circular hole (Fig. 6) , the polar coordinates of the optical fiber can be calculated by Equation 21 . With considering the 
It is difficult to have a close-form solution of Equation 1 with the right hand side as Equation 22 . However, it can be solved numerically by finite element method. Fig. 7 shows an example of the strain distribution along the optical fiber under different types of strain field. The values of the coefficients of all three different strain fields are shown in Table IV . IV. RESULTS AND DISCUSSION OF NUMERICAL SIMULATIONS Fig. 8 shows the strain transfer fractions (β) and the firstorder sensitivity indexes (S i ) of all cases in Table II . There are three material and five geometrical parameters investigated in this global sensitivity analysis. The numerical values of the average, minimum and maximum strain transfer fraction during the computation of the sensitivity indexes are shown in Table V . According to Table VI, the total contribution of the first-order sensitivity indexes by the variations of radius and elastic modulus of silica core, radius and shear modulus of polymeric coating as well as shear modulus of adhesive is less than 10 percent in all cases and the variations of the strain transfer fraction due to these 5 parameters are less than 1 percent. That means the strain transfer fraction is insensitive to the variation of material and geometrical properties of typical optical fiber strain sensor and the material property of the adhesive beneath the optical fiber. The remaining three sensitive parameters are bond length, thickness of adhesive beneath the optical fiber and the deviation of the midpoint of the grating from the midpoint of the bond length. All three parameters are related to workmanship of surface attach optical fiber strain sensor. The first-order and total sensitivity indexes of these three parameters are listed in Table VII .
A. Effects of Coating Materials
The coating material of cases 1 to 8 is acrylate while it is polyimide for cases 9 to 16. Although polyimide coating is thinner and stiffer than acrylate, the strain transfer fraction with polyimide coating is only a few percents better than the acrylate counterparts in all cases. This phenomenon is supported by the negligible values of the first-order and total sensitivity indexes of the radius and shear modulus of polymeric coating. According to the first-order and total sensitivity indexes, in general, sensors with acrylate coating are more sensitive to bond length, while the sensors with polyimide coating are more sensitive to the thickness of adhesive beneath the optical fiber. It is because the shear modulus of acrylate coating is much lower than adhesive, the shear deformation is mainly on the acrylate coating layer, and hence it is less sensitive to the thickness of adhesive beneath the optical fiber.
B. Effects of Bond Length
The bond length of cases 1 to 4 and 9 to 12 is short (15 mm) while it is long (30 mm) for cases 5-8 and 13-16. For long bond length, the strain transfer fractions are close to hundred percent in most cases except the integral type strain sensor. If the structure allows sufficient bond length, long gauge length should be chosen. Hence, the uncertainties due to variation of workmanship can be minimized.
However, when OFBG strain sensor is used to transform other physical or chemical quantities to strain while the bond length is limited for miniature of sensor or other constraints, short bond length is the only choice (as in the case of 3D strain sensor in [10] ). For short bond length, even under uniform strain field, the strain transfer factor varies from about 60% to 100%. The most sensitive parameters for short gauge length is the bond length, which contributes about 70% of variation alone and more than 80% with the combined effects with other parameters. Hence, to minimize the variation of the strain transfer fraction of OFBG strain sensor with short bond length, the most efficient way is to control the variation of the bond length. The second most sensitive parameter for short bond length cases is the deviation of the grating position from the midpoint of the bond length, which contributes about 15% of variation alone and about 30% of variation with the combined effects with other parameters. On the other hand, the strain transfer fraction of short bond length OFBG strain sensor is insensitive to the thickness of adhesive beneath the optical fiber.
C. Effects of Strain Field
For uniform strain field, the difference between OFBG and integral strain sensor will be discussed in Section IV-D. In this section, only the OFBG strain sensor is discussed. Cases 1, 5, 9 and 13 are OFBG strain sensors under uniform strain field. For long bond length, the strain transfer fraction is close to hundred percent. For short bond length, the strain transfer fraction varies between about 55% and 100%. From the firstorder sensitivity indexes, for short bond length, the bond length and the deviation of the grating from the midpoint of the bond length contributes about 70% and 15%, respectively of variation. From the total sensitivity indexes, about 10% of additional variation is contributed by combined effects with other parameters.
Cases 3, 7, 11 and 15 are the OFBG sensors under quadratic strain field. For long bond length, the strain transfer fraction is higher than 95%. The major sensitive factor is the thickness of adhesive beneath the optical fiber, which contributes about 60% and 76% for acrylate coated and polyimide coated optical fiber, respectively. For short bond length, the strain transfer fraction varies between about 50% and 100%. The most sensitive factor is the bond length, which contributes about 70% of variation alone and 10% additional variation with effects of other parameters. While the strain transfer fraction is insensitive to the thickness of adhesive beneath the optical fiber, the deviation of the grating from the midpoint of the bond length contributes about 15% alone and 30% with combined effects of other parameters.
Cases 4, 8, 12 and 16 are the OFBG strain sensors under reciprocal strain field. For long bond length, the strain transfer fraction is more than 96%. For short bond length, the strain transfer fraction varies between 62% and 100%. The variation of bond length contributes about 65% variation alone and 15% more with combination of other parameters. With short bond length under reciprocal strain field, the strain field in fiber may not be able to capture the high strain gradient near the stress concentration region (the double peaks in Fig. 7 ). With noise of the measured strain the optical fiber, it is difficult to reconstruct the original strain field.
D. Sensor Types
The cases 2, 6, 10 and 14 are integral type strain sensors while all others are OFBG strain sensors with 10 mm grating. Since all OFBG sensors have been discussed, only the integral strain sensor under uniform strain field will be discussed in this section. For integral strain sensor with long bond length, the strain transfer fraction varies from about 90% and 98%, the range of which is larger than OFBG strain sensor with long bond length. The most sensitive parameter is the thickness of adhesive beneath the optical fiber. However, it contributes more than 75% of variation for polyimide coated sensor while less than 60% for acrylate coated sensor. On the other hand, the variation of bond length contributes more than 30% of acrylate coated sensor while it is about 20% of polyimide coated sensor. For short bond length, the strain transfer fraction varies between 70% and 95%. Unlike the short bond length OFBG cases as well as short bond length integral sensor with acrylate coating, for which the most sensitive parameter is bond length, the sensitivity of the thickness of adhesive beneath the optical fiber of polyimide coated sensor is approximately the same as the bond length. It can be explained by the relatively low shear modulus of acrylate coating compared to adhesive, so the shear deformation is mainly in the coating instead of the adhesive layer.
V. CONCLUSION
In this paper, the first-order and total sensitivity indexes on the strain transfer fraction based on a well-established semianalytic/empirical model from the typical ranges of three material and five geometrical properties of common configuration of surface attached optical fiber strain sensor were investigated. Based on the quantitative global sensitivity analysis, it was found that all the most critical parameters, which are (i) the thickness of adhesive beneath the optical fiber, (ii) the bond length and (iii) the deviation of the grating from the midpoint of the bond length, are related to the workmanship instead of the properties of materials used.
The strain transfer fraction of the polyimide coated sensors are always a few percent higher than the counterparts of acrylate coated sensors. For polyimide coated sensor, the thickness of adhesive beneath the optical fiber is the most critical parameter while it is the bond length for those acrylate coated sensors. If the situation is permissible, long bond length can reduce the variation due to workmanship and achieve much less variation of strain transfer fraction of OFBG strain sensors under various types of strain field. Under non-uniform strain field, the deviation of the grating from the midpoint should be controlled, especially when strain gradient is high as the reciprocal strain field in this study. For integral strain sensor, the variation due to the thickness beneath the optical fiber is comparable to the bond length.
